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Abstract

Measurements were taken of the roughness
characteristics of ice accreted on NACA 0012 airfoils in
the NASA Lewis Icing Research Tunnel (IRT). Tests
were conducted with size scaled, using models with
chords of 26.7, 53.3 and 80.0 cm, and with liquid-water
content scaled, both according to previously-tested
scaling methods. The width of the smooth zone which
forms on either side of the leading edge of the airfoil
and the diameter of the roughness elements are
presented in non-dimensional form as functions of the
accumulation parameter. The smooth-zone width was
found to decrease with increasing accumulation
parameter. The roughness-element diameter increased
with accumulation parameter until a plateau was
reached. This maximum diameter was about .06 times
twice the model leading-edge radius. Neither smooth-
zone width nor element diameter were affected by a
change in freezing fraction from .2 to .4. Both
roughness characteristics appeared to scale with model
size and with liquid-water content.

Nomenclature
A, Accumulation parameter, dimensionless
b Relative heat factor, dimensionless
Cpa Specific heat of air, cal/g K
Cpw Specific heat of water, cal/g K
d Roughness-element diameter, mm
evap  Evaporation terms in energy equation, °C
he Convective heat-transfer coefficient,
cal/s cm’K

*[cing Consultant, member ATAA
T Student
* Associate Professor, Associate Fellow AIAA
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LWC  Cloud liquid-water content, g/m’

MVD  Water droplet median volume diameter, tm

n Freezing fraction, dimensionless

r Recovery factor, dimensionless

R Airfoil leading-edge radius, mm

Vv Airspeed, m/s

Iy Freezing temperature of water, °C

Lourf Temperature at surface of ice, °C

ty Static temperature, °C

w Smooth-zone width, mm

5 Stagnation-zone droplet collection efficiency,
dimensionless

1) Droplet energy transfer terms in energy
balance, °C

Ay Latent heat of freezing of water, cal/g

P Ice density, g/m’

0 Air energy transfer terms in energy balance,
°C

T Accretion time, S

Introduction

This paper presents the results of measurements of ice
roughness formed during icing tests in the NASA Lewis
Icing Research Tunnel (IRT). NACA 0012 airfoils were
tested at glaze-ice conditions. Correlations of the data
using non-dimensional icing parameters will be
presented.

An improved understanding and characterization of
roughness features contributes to aircraft design for
icing in two ways. First, analytical ice-accretion
prediction codes such as LEWICE' use estimates of the
convective heat transfer rate in performing a heat
balance at the ice surface. An improved description of
roughness characteristics along with a better



understanding of the effect of roughness on heat
transfer would permit more accurate ice-accretion
codes. Second, it has been shown® that roughness
resulting from even short exposures to icing can lead to
a significant reduction in stall margin. Both flight and
tunnel tests are performed using artificial roughness to
determine its effect on performance. However, there is
currently very little information about roughness
characteristics or how these characteristics are affected
by cloud conditions. Improved knowledge would
permit testing with artificial roughness that more
closely simulates natural ice.

For glaze-ice conditions, when super-cooled water
impinges on an airfoil, freezing is not instantaneous.
As freezing takes place, a smooth ice cap is formed
around the leading edge; at some chord-wise distance
downstream from the stagnation line, there is a
transition from smooth to rough ice. Olsen and
Walker,” using high-speed motion pictures, found that
in the rough zone, water which did not freeze
immediately coalesced to form nearly-hemispherical
beads. These beads grew with continued exposure to
the icing spray, eventually freezing in closely-spaced
arrays. This observation led them to question the long-
accepted model first used by Messinger’ in which
unfrozen water ran back along the model surface.
Hansman, Reehorst and Sims® used high-speed video to
expand on the work of Olsen and Walker; they
observed that water beads grew until their size was
sufficient to be influenced by aerodynamic forces.
When a critical size was reached, the bead was swept
downstream.

Hansman and Turnock® studied the development of
surface roughness characteristics during an icing spray
on a cylinder and recorded the location of transition
from smooth to rough zones. Shin’ performed icing
tests with an NACA 0012 airfoil and obtained values
for smooth-zone width and roughness-element
diameter, height and spacing. Other studies have
investigated the effects of roughness on the boundary
layer™ and on convective heat transfer.” "'

Shin’s data were shown by Anderson and Shin'’ to
correlate with the dimensionless icing parameters,
accumulation parameter and freezing fraction. In
reference 12 it was postulated that high freezing rates
(represented by high freezing fractions) prevented water
beads from growing very large before freezing, while
high rates of water impingement (high accumulation
parameters) tended to permit water beads to grow fairly
large before freezing.

The present study had two objectives: first, to obtain
additional roughness data to check the validity of the
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correlations of reference 12, and, second, to determine
if roughness features scale with model size or with
liquid-water content when appropriate scaling methods
are used. NACA 0012 airfoils with chords of 26.7, 53.3
and 80.0 cm were tested with glaze-ice conditions for
icing times from 14 — 810 sec. The ice roughness
characteristics were recorded photographically for later
analysis. The ice roughness element diameters and
smooth-zone widths obtained from those images will be
reported.

Icing Parameters

Two dimensionless parameters will be wused in
presenting and discussing the results. They are the
accumulation parameter, 4., and the freezing fraction,
n.

The accumulation parameter is proportional to the rate
at which water impinges and to the icing time. It is
given by

_V-LWC-T
2R - p;

(4

The freezing fraction was defined by Messinger® as the
fraction of water which freezes in the region of

impingement. If an energy balance is made at the
leading edge of a model exposed to an icing cloud, # is
found to be:

c

Af b

where @ is a collection of terms in the energy balance
which represent the droplet energy transfer:
2
p=ty—ty - —
2¢)

and G collects the air energy transfer terms:

O=tyyy —ty—r » + evap

p)a

where evap is the water-evaporation term which is
typically small. Both ¢ and 6 have units of
temperature. The dimensionless relative heat factor, b,
is

This is the ratio of the heat carried to the surface by
impinging water to that convected away by the
airstream.



Description of Experiments

NASA Lewis Icing Research Tunnel The IRT is shown
in Figure 1. A full description of the tunnel as it was
before recent improvements in the spray system is
given in reference 13. The IRT has a test section width
of 2.7 m (9 ft) and a height of 1.8 m (6 ft.) With an
assumed test-section blockage of 5% it is capable of
operating at airspeeds up to 160 m/s (350 mph). A
refrigeration system permits accurate control of the
test-section temperature from —30 to 1°C (-20 to 33°F)
within = .5°C (£ 1°F).

The water-spray system consisted of 8 spray bars. The
system was calibrated to provide controlled test-section
liquid-water content, LWC, from 0.2 to 3 g/m3 and
droplet median volume diameter, MVD, from 15 to
40 um. The wide range of liquid-water content in the
IRT is possible through the use of two spray nozzle
sets, the mod-1 and standard nozzles". Only the mod-1
nozzles were used in the studies reported here.

Test Models All tests were performed using unswept
NACA 0012 airfoils mounted vertically in the center of
the IRT test section. Reference tests were performed
with a 1.8-m-span, 53.3-cm-chord model. A one-half-
size model with a 26.7-cm chord and a one-and-one-
half-size model with an 80-cm chord were also tested.
The leading-edge radii, R, of the models were estimated
to be 4.19, 8.38 and 12.57 mm for the 26.7-, 53.3- and
80.0-cm-chord models, respectively. The Y- and 1 Y-
scale models had a 1.2-m span and were mounted on a
stand such that the mid-span of the model was at the
center of the test section. All models were mounted
with a 0° angle of attack. All measurements were made
within a few centimeters of the mid-span of the model.

To permit the IRT spray-bar conditions to reach steady-
state before exposing the model to the icing cloud, a
fabric shield was attached to the front of each model as
described in reference 12. Once the spray had
stabilized, the shield was rapidly drawn through a small
port in the ceiling of the test section. The fabric shield
made no apparent change in the model blockage; thus,
it was not necessary to adjust the test-section velocity
when the shield was removed.

Test Procedure The shield was placed on the model
before starting the tunnel fan. Tests were performed by
first establishing the desired test-section velocity and
temperature. Water spray was then initiated. The shield
was pulled from the model when the spray conditions
had stabilized, and the spray was timed with a hand-
held stop watch from the removal of the shield.

At the completion of the prescribed spray time, the
tunnel was brought to idle and the test section entered.
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Close-up 35-mm photographs of the resulting ice at the
span-wise tunnel centerline were taken from three
views of the model: front, left side and right side.
These photographs were later scanned and the digital
image recorded on CD for analysis. The analysis
procedure is described below.

After the photographs were taken, the model was
cleaned and the procedure repeated for the next spray.
Thus, successive tests to determine the effects of time
on roughness characteristics were always made by
starting with a clean model rather than adding to the
accretion from the previous run.

Test Conditions

Average test conditions for each run are shown in Table
I. Two test series were run: Series A was designed to
have a freezing fraction of 0.2, and series B a freezing
fraction of 0.4. The actual test conditions produced
freezing fractions slightly different from these goals.

Size Scaling Within each series tests were
performed with model sizes of 26.7-, 53.3- and 80.0-cm
chord. The 53.3-cm-chord model was chosen as the
reference, and the test conditions for the 26.7-cm
(Y2-size) and 80.0-cm (1 Y2-size) models were calculated
by applying the constant-Weber-number scaling
method'®. This method was developed to scale water-
surface dynamics and has had some success in scaling
ice shapes.'*!® It matches the droplet trajectories,
accumulation parameter, Weber number and heat
balance parameters, including the freezing fraction,
between the scale and the reference tests. The constant-
Weber-number method is based on the AEDC
method,'® but the latter does not require that the scale
Weber number match the reference. The AEDC
method has also been successful in scaling ice
shapes.'®!” Reference tests were made on 5-29-96 and
repeated on 6-5-96 for test series A. Reference tests
for test series B were made on 5-29-96 and repeated on
6—10-96. Scaled tests with the 26.7-cm model were
made on 6-3-96, and scaled tests with the 80.0-cm
model, on 6-17-96.

LWC Scaling Reference tests were performed with
a liquid-water content of 0.6 g/m’. The reference tests
for size scaling also served as reference for LWC
scaling. Tests with LWC scaled to 1 g/m’ with the
53.3-cm-chord model were made on 5-30-96 for both
test series. The Olsen method'® was used to determine
scaled test conditions for LWC scaling. This method
matches the reference accumulation parameter, freezing
fraction, droplet size and airspeed and has been shown

to scale ice shapes effectively for different LIWC’s."®



Roughness Data Analysis

An area approximately 15 to 20 mm square from each
close-up photograph of ice roughness was scanned at
high resolution to produce a digital record which was
then stored on CD ROM for later analysis. Figure 2 is a
sample image reproduced from one digital record. It is
a front view of a portion of the airfoil after
approximately 2 min of ice accretion. It shows the
smooth zone, the rough =zone, typical roughness
elements and a typical element diameter. Each image
included a portion of a calibration scale which was held
on the model while the photographs were made. The
lines on the scale were 1 mm apart. These divisions
provided the length calibration for the image-analysis
software (SigmaScan'™). Using the calibration, the
software assigned a length to lines drawn on the image
and recorded each length in a table. Because the model
curves away from the camera lens on each side, the
calibration changes across the image. Consequently,
feature sizes were based on calibrating to that part of
the scale vertically in line with the feature.

It is evident from figure 2 that the smooth-zone width
experienced small variations along the span. In general,
measurements at 10 to 50 locations along the span were
adequate to define the width. For some cases, only two
widths were recorded: a minimum and a maximum
value were sufficient to represent the minor variations
observed. Values reported will be the averages of the
observed measurements.

The roughness elements were measured at or near the
smooth-zone boundary. They varied widely in size.
Consequently, the diameters of a large number of
elements (often several hundred) were required to
determine the statistics needed to characterize the
roughness elements. For many of the test runs, element
diameters obtained from more than one image from the
same run were included in the average.

Measurement Repeatability Not all of the
images were as clear as that shown in figure 2. In
some, details could not be seen well, and these images
were not used. Even when features could be seen,
roughness element edges and smooth-zone boundaries
had to be inferred from the light and dark patterns in the
image. Because of the role of judgement in defining
the size of elements, many of the images were analyzed
by two researchers working independently. Some were
also re-analyzed by one of the researchers after a
two-month delay. In general, the smooth-zone widths
from these different sessions agreed within £5%.

The element diameters did not always agree so well.
Figure 3 (a) compares three separate analyses of the
same images from one sequence of tests. Each symbol
is the average diameter, and the error bars represent the
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standard deviations. Diameters recorded by the first
researcher tended to be higher than those found by the
second. The mean diameter found in each analysis
would have been affected by such subjective factors as
judging the location of the roughness element edges and
deciding whether to include small features, which might
or might not be roughness elements. The size of the
smallest features was also very difficult to define.

Hemispherical roughness elements should appear as
circles when viewed from above. To compare the
chord-wise diameter with the span-wise, the two
diameters were recorded separately for some of the
images. Figure 3(b) shows results from one set of tests
for which this was done. In many cases the span-wise
diameter tended to be larger than the chord-wise.
Because of the curvature of the model in the chord-wise
direction, elements were sometimes viewed at a small
angle such that the calibration would have been more
accurate when applied to the span-wise measurement.
Nevertheless, the reported diameters typically will be
the averages of the chord-wise and the span-wise
diameters. Only in a few cases was the difference
between the two measurements large enough that only
the span-wise diameter was used.

Size Distribution Smooth-zone widths from
each image were averaged and the standard deviation
calculated. = Because the variation in width was
relatively small over the span, the distribution of these
dimensions was not investigated.

The roughness-element diameters found from all
analyses of the images for a given test run were
combined into a single data set. Histograms of each of
these resulting sets of roughness-element diameter were
examined and most were found to approximate
gaussian distributions. Fig. 4 shows two such nearly-
gaussian examples. The vertical bars in this figure
show the measured element diameters and the solid line
is a gaussian distribution with the same mean and
standard deviation as the experimental data. The data
sets resulting from the clearest images were fairly large
(hundreds of measurements) and tended towards this
distribution. Data sets from poorer-quality images had
fewer members and often had a flat or bimodal
distribution. There was less confidence in the non-
gaussian distributions because elements of sizes
important to the distribution may not have been
included. Thus, only diameters from data sets with
near-gaussian distributions will be reported.

Uncertainty Analysis

Smooth-Zone Width Errors in the reported
smooth-zone width would have included inaccuracies in
the calibration scale, error in marking the ends of the




calibration line and parallax error caused by applying a
given calibration inappropriately to the image. These
are together estimated to give an error of +5%. For the
widest smooth zones, the edge of the smooth-zone
cannot be identified to an accuracy better than +£1 mm.
This problem could account for an additional error of
+2 % %.

Roughness-Element Diameter Errors in the
reported roughness-element diameter include the same
errors mentioned in connection with the smooth-zone
width. These are together estimated to give an error of
+5%. Subjective error in defining the roughness-
element edge can be estimated by comparing the results
from different analyses. For those cases for which
duplicate analyses were made, the maximum
uncertainty indicated was +20% (see fig. 3). This error
would tend to include some of the scale uncertainties,
so the maximum error in the reported diameters should
be close to +20%.

Tunnel Conditions Tunnel temperatures,
velocities and spray-bar conditions were recorded at 2-s
intervals during each test. Each of the parameters was
averaged over the spray period to obtain the reported
conditions. Considering the variations during the run as
well as possible instrument error, the total uncertainty
in temperature was estimated to be about +2.5°C
(4.5°F), in velocity, less than 4%, in liquid-water
content, less than +2.2%, and in the median volume
diameter, less than £12.7%.

The recording of spray duration manually with a stop
watch was estimated to be accurate to within 1 s, or
+8% for the shortest times. The uncertainty in spray
time, velocity and liquid-water content would result in
an uncertainty of less than +£14.2% in the accumulation
parameter. This maximum uncertainty would have
decreased as accumulation parameter increased.

Results

Table I includes the mean and standard deviation of the
smooth-zone width and roughness-element diameter
from each acceptable data set. In addition, the standard
deviation, number of data readings taken, the minimum
value and the maximum value for each data set are also
given in the table.

Smooth-Zone Width Figure 5 is a plot of the
dimensionless average width as a function of the
accumulation parameter, A.. The widths were
normalized with respect to twice the leading-edge
radius of the model. Data for test series A (n ~0.2) is
shown with open symbols and data for test series B (n
~0.4) is given with solid symbols. The repeatability of
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the data can be appreciated by comparing 5-29-96 data
with 6-5-96 for test series A and 5-29-96 with 6—-10—
96 for test series B. Repeatability was especially poor
for the shortest accretion times (low accumulation
parameters) where the smooth-zone width was large.

Data for tests with LWC scaled were obtained on
5-30-96. The dimensionless smooth-zone widths with
LWC scaled were consistent with the other test data.
Similarly, dimensionless widths from the size-scaled
tests on 6-3-96 and 6-17-96 did not appear to be
significantly different from the reference non-
dimensional widths or scaled-LWC values. These
results suggested that when scaling methods were used,
the smooth-zone width for a given accumulation
parameter maintained similarity.

The solid line on the figure is the correlation from
reference 12 which was based on data by Shin’ using a
53.3-cm-chord NACA 0012 airfoil tested at a freezing
fraction of ~ 0.3. The fairly limited data in references 7
and 12 suggested that the smooth-zone width decreased
linearly with accumulation parameter. The present
results showed an apparent exponential decline of width
with accumulation parameter, but for 4. > .4 the widths
were generally consistent with those measured by Shin.
Note that 4, used in reference 12 was calculated using a
leading-edge radius of 12.7 mm while the present study
used 8.38. The accumulation parameters for the
reference-12 data have been corrected to be consistent
with the present study.

Although not shown, the widths found in this
investigation were also consistent with widths
calculated from Hansman’s reported smooth-rough
transition on a cylinder® at a temperature of —4.5 °C.
Hansman also reported smooth-rough transition
locations for —9 °C, but the corresponding smooth-zone
widths were more than double those of the present
study. This effect of temperature found by Hansman
would suggest a freezing-fraction effect. No effect of
freezing fraction was apparent in the present study.

Element Diameter The mean roughness-
element diameters were normalized by dividing by 2R.
The dimensionless diameter is shown as a function of
the accumulation parameter in figure 6. The error bars
on the experimental points are the standard deviations
for each data set.

Figure 6(a) compares dimensionless mean diameters for
test series A. The element diameters tended to increase
with accumulation parameter up to an 4. of about 0.4.
Shin’s data as reported in reference 12 showed a similar
trend but reached a plateau at 4. ~ 0.15. The maximum
diameter reported in reference 12 for a freezing fraction
of 0.2 was ~ 1.2 mm; this diameter gives d/2R = 0.07, a
value about 17% higher than the maximum in



figure 6(a). This difference was within the uncertainty
in the present data.

Repeatability of the results from the 5-29-96 tests to
the 6-5-96 tests was poor. The element diameters
resulting from the two sets of tests differed by nearly a
factor of 2 at 4. = 0.06. For 4, = 0.25 the difference
decreased to about 21%.

Included in figure 6(a) are results from scaled tests for
models of different size. Because of limited data, only
results for the 53.3- and 80-cm-chord models could be
compared and only for accumulation parameters less
than 0.25. The non-dimensional roughness element
diameter for the 80-cm model was nearly equal to that
for the 53.3-cm model tested on 6-5-96 at A. = 0.06,
but was about 17% smaller at 4, = 0.24. This difference
was within the uncertainty in the present data, but was
sufficiently large that scaling success was inconclusive.

Figure 6(b) gives results of liquid-water-content scaling
for test series A. The reference test results, with a
liquid-water content of 0.6 g/m’, from 5-29-96 and
6-5-96 are repeated from figure 6(a). The roughness-
element diameters which resulted from sprays with an
LWC of 1 g/m® were obtained from tests on 5-30-97.
These diameters exhibited the same trend with
accumulation parameter as the reference data. For 4.
less than .14, the l-g/m3 diameters were approximately
midway between the .6-g/m’ reference data of 5-29-96
and those of 6-5-96. For A, greater than 0.14, the
1-g/m’ diameters were nearly the same as those from
the 5-29-96 tests. For this study, then, a change in
LWC from .6 to 1 g/m’ appeared to have no significant
effect on the roughness element size when LW C-scaling
methods were used.

Results from the size-scaling tests for test series B (n ~
0.4) are shown in figure 6(c). The normalized element
diameter again was seen to increase with increasing
accumulation parameter up to 4. ~ 0.4. For 4. > 0.4,
d/2R appeared to reach a plateau of about 0.06. This
was the same trend and apparent plateau value evident
in figs. 6(a) and 6(b) for test series A (n ~ .2). This
consistency in results between test series A and B led to
the conclusion that freezing fraction had no significant
effect on element size for n = 0.2 or n = 0.4.

The absence of a freezing-fraction effect on roughness
element size was in contrast to the findings of reference
12 where the roughness-element size was found to
decrease about 20% when » increased from 0.2 to 0.4.
The maximum diameter reported in reference 12 for a
freezing fraction of 0.4 was ~ 1 mm; this diameter is
equivalent to d/2R = 0.06, a value consistent with the
results of figure 6(c).

The normalized roughness-element diameters given in
figure 6(c) appeared to be independent of model size

NASA/CR—2003-211823

for airfoils of chords from 26.7 to 80.0 cm. Although
the data were limited, these results at n = .4 suggested
that element size scaled with the model size.

Concluding Remarks

Roughness characteristics were measured on NACA
0012 airfoil models with chords of 26.7, 53.3 and
80.0 cm. Test conditions for the 26.7- and 80.0-cm
models were scaled from those for the 53.3-cm
reference tests. In addition, a number of tests were
made with LWC scaled from 0.6 to 1 g/m’. The
following general observations were made.

1. The smooth-zone width decreased with
accumulation parameter. This general trend has
been observed elsewhere (see refs. 6 and 12).

2. The roughness-element diameter increased with
accumulation parameter until d/2R reached a
plateau of about 0.06. The maximum d/2R for this
study was the same as that given in reference 12
for a freezing fraction of 0.4, but about 17% lower
than reported in reference 12 at a freezing fraction
of 0.2.

3. No effect of freezing fraction for freezing fractions
of 0.2 and 0.4 was observed on either the smooth-
zone width or the roughness-element diameter.
This absence of an effect of #n was in contrast to the
observations of references 6 and 12.

4. Although some of the size-scaling data were
inconclusive, other data suggested that the
dimensionless smooth-zone width, w/2R, and
roughness-element diameter, d/2R, scaled with
model size and also with LWC. Size-scaling and
LWC-scaling methods were applied in the present
tests.

5. The accumulation parameter appeared to be a
suitable correlating parameter for both smooth-
zone width and roughness-element diameter, but
additional data are needed to explore further the
effect of freezing fraction and other possible
correlating parameters.

Correlations of roughness characteristics, when
combined with data on the effect of roughness on
convective heat transfer, could be incorporated into ice-
accretion-prediction codes to improve the ice-shape
prediction. Information on roughness characteristics
will also improve the simulation of ice roughness for
wind-tunnel and flight tests of the effect of roughness
on aerodynamic performance.



The use of two-dimensional photographic images to
obtain roughness data is subject to significant user
interpretation. A less subjective technique of recording
and measuring roughness characteristics is needed for
future studies. Two alternate approaches which should
be considered are molding of the ice accretion to
preserve a three-dimensional image and three-
dimensional scanning to produce a digital image. Both
methods should permit analyses which are more
objective than the present approach.
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Figure 1. NASA Lewis Icing Research Tunnel (IRT).

Figure 2. Typical Image of Roughness Characteristics.
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(a) Comparison of Three Independent Image Analyses. (b) Comparison of Element Diameters Measured in

Chord-wise and Span-wise Directions.

Figure 3. Element Diameter Measurement Consistency. 5-29-96 Runs 1, 3,4, 7.
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Figure 5. Smooth-Zone Width.
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(a) Scaling Model Size for Test Series A. n~=0.2.

Figure 6. Roughness Element Size.
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(b) Scaling Liquid Water Content for Test Series A.

n=0.2.
Figure 6. (concluded)
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